Aims/hypothesis Coffee and tea consumption has been associated with a lower type 2 diabetes risk but little is known about how changes in coffee and tea consumption influence subsequent type 2 diabetes risk. We examined the associations between 4 year changes in coffee and tea consumption and risk of type 2 diabetes in the subsequent 4 years. Methods We prospectively followed 48,464 women in the Nurses' Health Study (NHS; 1986 -2006 , 47,510 women in NHS II (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007) and 27,759 men in the Health Professionals Follow-up Study (HPFS; 1986 -2006 . Diet was assessed every 4 years using a validated food-frequency questionnaire. Self-reported cases of incident type 2 diabetes were validated by supplementary questionnaires. Results During 1,663,319 person-years of follow-up, we documented 7,269 cases of incident type 2 diabetes. Participants who increased their coffee consumption by more than 1 cup/ day (median change=1.69 cups/day) over a 4 year period had an 11% (95% CI 3%, 18%) lower risk of type 2 diabetes in the subsequent 4 years compared with those who made no changes in consumption. Participants who decreased their coffee intake by more than 1 cup/day (median change=−2 cups/day) had a 17% (95% CI 8%, 26%) higher risk for type 2 diabetes. Changes in tea consumption were not associated with type 2 diabetes risk. Conclusions/interpretation Our data provide novel evidence that increasing coffee consumption over a 4 year period is associated with a lower risk of type 2 diabetes, while decreasing coffee consumption is associated with a higher risk of type 2 diabetes in subsequent years.
Introduction
Consumption of coffee and tea has consistently been associated with a lower risk for type 2 diabetes [1] [2] [3] . In a meta-analysis of 28 prospective studies, representing 1,109,272 participants, every additional cup of caffeinated and decaffeinated coffee consumed in a day was associated with a 9% (95% CI 6%, 11%) and 6% (95% CI 2%, 9%) lower risk of type 2 diabetes, respectively [3] . In another metaanalysis, participants who drank more than three to four cups of tea per day had an 8% lower risk of type 2 diabetes [1] . However, because individuals frequently make changes to their diet, observational studies examining the association of baseline coffee consumption with type 2 diabetes risk cannot adequately capture these changes or account for secular trends in intake. Examining how changes in coffee and tea consumption affect risk of type 2 diabetes can provide a more complete understanding of the relationships between coffee, tea and type 2 diabetes. Further, evaluating the association of shortterm changes in coffee and tea intake with the occurrence of type 2 diabetes in subsequent years will help determine how quickly such dietary changes impact diabetes risk. To our knowledge, no study has examined the association between changes in coffee and tea consumption and risk of type 2 diabetes.
We used observational data from three large prospective studies, the Nurses' Health Study (NHS), the NHS II and the Health Professionals Follow-up Study (HPFS), to examine changes in coffee and tea intake in relation to risk of type 2 diabetes. In all three cohorts, we collected detailed information on diet, lifestyle, medical conditions and other chronic diseases every 2 to 4 years for over 20 years. The availability of these repeated measures and the long duration of follow-up allowed us to evaluate 4 year changes in coffee and tea intake in relation to risk of type 2 diabetes in the next 4 years. We also examined whether the association with diabetes incidence differed between changes in caffeinated and decaffeinated coffee intake. Finally, we evaluated the long-term associations of changes in coffee and tea intake by examining changes from baseline to the first 4 years of follow-up in relation to risk of type 2 diabetes in the subsequent 12 (in the NHS II) and 16 years (in the NHS and HPFS) of follow-up.
Methods

Study population
The NHS was initiated in 1976 as a prospective cohort study of 121,701 female registered nurses, 30-55 years of age, from 11 US states. The NHS II consists of 116,681 younger female registered nurses, aged 25-42 years at baseline (1989) . The HPFS is a prospective cohort study of 51,529 male health professionals, 40-75 years of age, from all 50 states, that began in 1986. Cohort members received validated questionnaires at baseline and every 2 years thereafter to update their information on medical history, lifestyle, potential risk factors and disease diagnosis [4] [5] [6] [7] [8] .
For the current investigation, we used 1986 for the NHS (n=80,332) and HPFS (n=38,842), and 1991 for the NHS II (n=87,448), as our baseline when we first obtained detailed information on diet and lifestyle. Because our primary exposure was 4 year change in coffee and tea intake, we excluded participants with a history of diabetes (including type 1 diabetes, type 2 diabetes and gestational diabetes), cardiovascular disease or cancer 4 years after baseline (1990 for the NHS and HPFS and 1995 for the NHS II; n=28,739) because changes in diet after development of these conditions may confound the relationship between diet and disease [9] . We also excluded women who were pregnant during follow-up (n=23,519). We excluded participants with ≥10 food items blank, those with implausible energy intakes at baseline (<3,347 or >17,573 kJ/day for men and <2,092 or >14,644 kJ/day for women) and those participants who died before the baseline (n=26,061). We also excluded participants with missing information on dietary and lifestyle covariables and those who returned only the baseline questionnaire (n=4,570). The final study population consisted of 48,464 women in the NHS, 47,510 women in the NHS II and 27,759 men in the HPFS with complete information. The study was approved by the institutional review boards of Brigham and Women's Hospital and Harvard School of Public Health. All participants gave informed consent.
Ascertainment of diet
In the NHS and HPFS, diet was assessed in 1986 using an 126 item semi-quantitative foodfrequency questionnaire (FFQ). In NHS II, diet was first assessed in 1991 using a similar FFQ. In all three cohorts, subsequent FFQs were administered every 4 years to update information on diet. In all FFQs, participants were asked how often, on average (from 'never' to '≥6 times/day') during the previous year they had consumed caffeinated and decaffeinated coffee ('one cup') and tea ('one cup or glass'). Decaffeinated tea consumption was first ascertained in 1998 in NHS and HPFS and in 1995 in NHS II and was therefore not included in our analyses. The validity and reproducibility of the FFQs have been described in detail elsewhere [10] [11] [12] . In a validation study conducted among a subsample of the NHS participants, FFQ assessments of coffee and tea were highly correlated with diet record assessments (coffee, r=0.78; tea, r=0.93) [11] . Similar correlation coefficients were found in a validation study conducted in a subsample of the HPFS participants [13] .
Ascertainment of type 2 diabetes
The primary endpoint for this study was incident type 2 diabetes. Participants who reported a diagnosis of type 2 diabetes on the biennial main questionnaire were sent a supplementary questionnaire regarding symptoms, diagnostic tests and hypoglycaemic therapy. We used the National Diabetes Data Group criteria [14] for cases identified before 1998 and the American Diabetes Association criteria [15] for cases identified after 1998. The validity of the supplementary questionnaire has been established in two previous studies in the NHS and HPFS through medical record reviews. In both studies, diagnosis of type 2 diabetes was confirmed in more than 98% of the cases [16, 17] .
Ascertainment of covariates
In the biennial follow-up questionnaires, we updated information on a participant's age, weight, smoking status, physical activity, menopausal status and use of postmenopausal hormone therapy (for women), oral contraceptive use (for women) and personal history of chronic diseases. Height was ascertained at baseline in each cohort. The presence or absence of a family history of diabetes (in first-degree relatives) was assessed in: 1982 and 1988 in the NHS; 1989, 1997, 2001 and 2005 in the NHS II; and 1987 in the HPFS. Information on intake of alcohol and other beverages was updated every 4 years using the FFQ. We used the Alternate Healthy Eating Index 2010 as an overall measure of diet quality of study participants [18] .
Statistical analysis We used changes in coffee and tea consumption that were updated every 4 years to predict risk of type 2 diabetes in the subsequent 4 years. Participants were divided into categories of: no change (±1 cup/week); small to moderate increase or decrease (±1 cup/week to 1 cup/day); and moderate to large increase or decrease in consumption (>1 cup/day). We calculated each individual's person-time from the return of the baseline questionnaire to the date of diagnosis of type 2 diabetes, death, date of loss to follow-up or the cut- We used Cox proportional hazard models with timevarying covariates and age as the underlying time scale for all analyses. Our first multivariable model adjusted for several lifestyle factors, including race, family history of diabetes, menopausal status and postmenopausal hormone use (women only), oral contraceptive use (women only), history of hypertension and hypercholesterolaemia (updated every 2 years) and change in smoking status during the 4 year period (never to never, never to current, past to current, current to past, current to current, missing indicator). For each 4 year time period, we adjusted for baseline and 4 year changes in physical activity (quintiles), intake of alcohol (quintiles) and other beverages (including sugar-sweetened beverages, artificially sweetened beverages, punch; quantiles). Changes in coffee and tea consumption were mutually adjusted. Because those with poor or worsening health are more likely to visit their physician, we additionally adjusted for a history of physical examination in the last cycle. Because changes in caffeine intake were previously associated with weight gain [19] and to assess if BMI and weight change are potential mediators or confounders of the association between changes in coffee and tea intake and type 2 diabetes, we further included baseline BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-34.9, 35-39.9 and ≥40 kg/m 2 ) and 4 year weight change (quintiles) in our multivariable-adjusted model.
We also examined the associations of 4 year changes in caffeinated and decaffeinated coffee, separately, on risk of type 2 diabetes. Caffeinated and decaffeinated coffee intakes were mutually adjusted. In sensitivity analyses, we examined the long-term effects of changes in coffee and tea intake on risk of type 2 diabetes. Specifically, we calculated changes in coffee and tea intake from baseline to the first 4 years of follow-up (1986 to 1990 in the NHS and HPFS; 1991 to 1995 in the NHS II) to predict risk of type 2 diabetes in the subsequent years of follow-up (1990 to 2006 in the NHS and HPFS; 1995 to 2007 in the NHS II). Because participants who are at risk for cardiovascular disease or cancer are more likely to make changes to their coffee and tea intake, in sensitivity analyses, we censored incident cases of cardiovascular disease and cancer during follow-up and then examined the association between 4 year changes in coffee and tea intake and risk of type 2 diabetes. We also tested for potential effect modification by current smoking status, presence of hypertension and hypercholesterolaemia, baseline BMI and changes in weight.
Because of differences in sex, follow-up time and questionnaires in the three cohorts, all analyses were performed separately in each cohort to achieve better control of confounding. For the primary analyses, to obtain overall estimates for both sexes and to increase statistical power, the HRs from the multivariable-adjusted models from the three cohorts were combined with the use of an inverse variance-weighted metaanalysis by the random-effects model which accounts for heterogeneity between studies [20] . All statistical tests were two-sided and performed using SAS version 9.2 for UNIX (SAS Institute, Cary, NC, USA).
Results
During 1,663,319 person-years of follow-up, we documented 7,269 incident cases of type 2 diabetes. Age-adjusted baseline characteristics according to categories of 4 year changes in total coffee consumption are presented in electronic supplementary material (ESM) Table 1 . In all three cohorts, compared with those who had relatively stable coffee consumption patterns, those who made the largest decreases in coffee consumption had higher initial intakes of total coffee and alcohol, were more likely to be older and had greater weight gain over a 4 year period. In the HPFS and NHS II, these individuals also had higher initial intakes of total coffee and alcohol. Age-adjusted baseline characteristics according to categories of 4 year changes in total tea consumption are Adjusted for age, family history of diabetes (yes/no), race (white/non-white), postmenopausal hormone use (premenopausal, postmenopausal current user, postmenopausal never/past user, missing), physical examination in the previous cycle (yes/no), change in smoking status (never to never, never to current, current to current, current to past, past to current, past to past), baseline alcohol intake (0, 0.1-4.9, 5-9.9, 10-14.9, ≥15 g/day), change in alcohol intake (quintiles), baseline physical activity (<3, 3-8.9, 9-17.9, 18-26.9, ≥27 metabolic equivalents of task (METS)/week), change in physical activity (quintiles), history of hypertension and hypercholesterolaemia (yes/no), baseline and 4 year changes in beverage intake (quantiles; beverages include sugar-sweetened beverages, artificially sweetened beverages, punch, milk, coffee/tea depending on the model), baseline Alternate Healthy Eating Index score, and change in Alternate Healthy Eating Index score c Multivariable model 1 + baseline BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-34.9, 35-39.9, ≥40 kg/m 2 ) and change in body weight (quintiles) d The results across the three cohorts were pooled using an inverse variance-weighted random-effects meta-analysis shown in ESM Table 2 . In all three cohorts, participants who changed their tea consumption the most had higher baseline tea consumption. In the NHS and NHS II, these participants also had lower initial intakes of total coffee. The Pearson correlation coefficient for total coffee intake between two adjacent FFQ years was~0.7 (p<0.0001) in all three cohorts. For total tea, the correlation was~0.6 (p<0.0001) in the NHS, NHS II and HPFS. The HRs and 95% CIs for type 2 diabetes associated with 4 year changes in coffee and tea consumption are presented in Table 1 . Compared with those who made no changes to their coffee consumption, participants who had moderate to large increases in intake (>1 cup/day) over a 4 year period had a 12% lower risk (95% CI 4%, 19%) for type 2 diabetes in the next 4 years. Further adjustment for baseline BMI and concurrent weight change only slightly attenuated these results (11% lower risk; 95% CI 3%, 18%). In pooled analyses, for those with moderate to large decreases in coffee consumption (>1 cup/day) there was a 17% higher risk (95% CI 8%, 26%) for type 2 diabetes. There was no association between updated 4 year changes in tea intake and subsequent risk for type 2 diabetes (Table 1) . Table 2 shows the HR for type 2 diabetes by change in different type of coffee consumption. Participants who had moderate to large increases in caffeinated coffee consumption (>1 cup/day) had a 13% lower risk (95% CI 5%, 21%) for type 2 diabetes compared with those who had relatively stable caffeinated coffee consumption over a 4 year period. Furthermore, those who had moderate to large decreases in their caffeinated coffee consumption had a 20% higher risk (95% CI 10%, 30%) for type 2 diabetes in the subsequent 4 years. Changes in decaffeinated coffee consumption were not associated with risk for type 2 diabetes ( Table 2) .
The HRs for type 2 diabetes by initial and 4 year coffee consumption categories are presented in Fig. 1 . Compared with those who were stable low consumers (<1 cup/day at baseline and 4 years later, reference group), those who were low consumers but increased their coffee consumption to more than 3 cups per day had a non-significantly lower risk for type 2 diabetes (HR 0.77; 95% CI 0.55, 1.08). The high-stable consumers had the lowest risk, a 37% lower risk (95% CI −44%, −28%) compared with the low-stable consumers. No significant associations were observed for tea consumption categories and risk of type 2 diabetes. We found no statistically significant effect modification by current smoking status, presence of hypertension and hypercholesterolaemia, baseline BMI, and changes in weight (p for interaction>0.05).
To examine the long-term associations of changes in coffee and tea intake on type 2 diabetes risk, we used changes in coffee and tea consumption from baseline to the first 4 years of follow-up to predict risk for type 2 diabetes in the subsequent 12 years (in the NHS II) and 16 years (in the NHS and HPFS) of follow-up (ESM Table 3 ). In pooled multivariable analyses, participants who had moderate to large increases in total coffee consumption had a 13% lower risk (95% CI 5%, 21%) for type 2 diabetes compared with those who had relatively stable intakes. Conversely, decreasing coffee consumption by more than 1 cup per day was not associated with an increased risk for type 2 diabetes (HR 1.09; 95% CI 0.92, 1.30).
In the sensitivity analysis, we censored participants diagnosed with cardiovascular disease or cancer during follow-up (ESM Table 4 ). Participants with moderate to large increases in coffee consumption had an 11% lower risk (95% CI 3%, 19%) for type 2 diabetes compared with stable drinkers. Furthermore, those who had moderate to large decreases in intake had an 18% higher risk (95% CI 9%, 28%). Similar to our primary analysis, there were no significant associations with changes in tea intake.
Discussion
In these three large prospective cohorts with more than 1.6 million person-years of follow-up, we observed that increasing intake of coffee, but not tea, over a 4 year period was associated with a lower type 2 diabetes risk in the next 4 years. Decreasing coffee intake was associated with a higher risk of type 2 diabetes. These changes in risk were observed for caffeinated, but not decaffeinated, coffee and were independent of initial coffee consumption and 4 year changes in other dietary and lifestyle factors.
A previous meta-analysis of prospective cohort studies has confirmed a clear inverse relation between coffee consumption and risk of type 2 diabetes; a 7% risk reduction was seen for every additional cup of coffee consumed per day [1] . In addition, our most recent findings from the NHS and HPFS also support a protective role of both caffeinated and decaffeinated coffee against the development of type 2 diabetes [21] . The findings of the current study not only confirm these previous reports but also demonstrate that change in coffee consumption is associated with both immediate and long-term diabetes risk. While randomised controlled trials are ideal to address the true causal relationship between changes in coffee and risk of type 2 diabetes, such studies are difficult to conduct given the long follow-up time needed for the development of type 2 diabetes, high costs, uncertainty regarding the ideal intervention period and the possibility of large attrition in adherence to the assigned beverage. Our study design can, to some extent, address these methodological difficulties by taking advantage of the large Adjusted for age, family history of diabetes (yes/no), race (white/non-white), postmenopausal hormone use (premenopausal, postmenopausal current user, postmenopausal never/past user, missing), physical examination in the previous cycle (yes/no), change in smoking status (never to never, never to current, current to current, current to past, past to current, past to past) baseline alcohol intake (0, 0.1-4.9, 5-9.9, 10-14.9, ≥15 g/day), change in alcohol intake (quintiles), baseline physical activity (<3, 3-8.9, 9-17.9, 18-26.9, ≥27 metabolic equivalents of task (METS)/week), change in physical activity (quintiles), history of hypertension and hypercholesterolaemia (yes/no), baseline and 4 year changes in beverage intake (quintiles or tertiles; beverages include sugar-sweetened beverages, artificially sweetened beverages, punch, milk, tea, caffeinated coffee/decaffeinated coffee depending on the model), baseline Alternate Healthy Eating Index score, and change in Alternate Healthy Eating Index score c Multivariable model 1 + baseline BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-34.9, 35-39.9, ≥40 kg/m 2 ) and change in body weight (quintiles) d The results across the three cohorts were pooled using an inverse variance-weighted random-effects meta-analysis follow-up period and the availability of repeated measures of diet in our cohorts. The higher risk of type 2 diabetes associated with decreasing coffee intake may represent a true change in risk or may potentially reflect reverse causation, whereby those with medical conditions associated with risk for type 2 diabetes (e.g. hypertension, elevated cholesterol, cardiovascular disease, cancer) may reduce their coffee consumption after diagnosis. However, when we censored participants who developed cardiovascular disease or cancer during follow-up, our results remained largely unchanged. Further, adjustment for hypertension and high cholesterol in our statistical models did not attenuate the association. When we examined the changes in the different types of coffee in relation to type 2 diabetes risk, only changes in caffeinated coffee consumption were associated with a reduced type 2 diabetes risk. Given the low consumption of decaffeinated coffee and the small proportion of participants who made substantial changes to their decaffeinated coffee consumption habits, the power to detect associations with changes in decaffeinated coffee could be limited. However, similar to our previous findings [21] , we observed that initial decaffeinated coffee was independently associated with a reduced risk for type 2 diabetes (data not shown).
Our study showed that the association between increasing coffee consumption and a lower risk of type 2 diabetes in the short term (4 years) persists in the long term. When we used baseline 4 year changes in coffee intake to predict risk for type 2 diabetes in the entire follow-up, the risk reduction in type 2 diabetes associated with increasing coffee consumption (HR, 0.87; 95% CI 0.79, 0.95) was similar to that in our primary analysis (HR 0.89; 95% CI 0.82, 0.97). However, unlike in our primary analysis, we did not document a higher risk of type 2 diabetes incidence with decreases in coffee intake, possibly because the analysis using baseline changes is less prone to reverse causation. Further, because this analysis does not take into account changes in coffee intake during the 4 year follow-up intervals, it is possible that those who increased their coffee consumption during the first 4 years had stable higher intakes in the subsequent years. On the other hand, it may be that decreases in coffee consumption in the first 4 years were more temporary and the associations were attenuated by subsequent increases in intake during follow-up. Our joint analysis of initial and coffee consumption 4 years later demonstrates that regardless of initial coffee consumption, increasing intake over 4 years is associated with a lower risk for type 2 diabetes. As expected, those who maintained high intakes at both baseline and 4 years later had the lowest risk for type 2 diabetes. For participants who changed from high to moderate levels, the protective association was maintained but was somewhat lower compared with those who had consistently high intakes.
Our data are largely consistent with findings from a 16 week randomised trial in which both caffeinated and decaffeinated coffee consumption was associated with modest decreases in post-load glucose levels [22] . In an 8 week intervention study, coffee consumption increased levels of adiponectin, an insulin-sensitising adipokine, but did not change measures of glycaemia or insulin sensitivity [23] . Our findings confirm results from a recent meta-analysis of prospective studies that documented 9% and 6% risk reductions for each additional cup of caffeinated and decaffeinated coffee, respectively [3] . In our change analysis, each additional cup of coffee was associated with a 5% lower risk of type 2 diabetes. Although the meta-analysis by Huxley et al [1] reported an inverse association between tea and type 2 diabetes risk, we found no evidence of an association between 4 year increase in tea consumption and subsequent risk of type 2 diabetes. This finding may have been due to the relatively low number of participants who made significant changes to their tea consumption over a 4 year period, thereby limiting the statistical power to detect true associations. The overall low levels of tea consumption in this group may also be responsible for these findings. Our inability to differentiate between the various types of tea (green, black, other types) HRs (and 95% CIs) for type 2 diabetes according to updated 4 year changes in intake of (a) coffee and (b) tea. Low intake was defined as <1 cup per day; medium intake, 1-3 cups per day; and high intake, >3 cups per day. The vertical bars represent coffee or tea consumption 4 years later; black bars, low intake; white bars, medium intake; and grey bars, high intake (>3 cups per day). The reference group (HR 1.00) was the low intake level at both baseline and the 4 year follow-up visits. The results across the three cohorts were pooled using an inverse variance-weighted random-effects meta-analysis which have differential associations with type 2 diabetes risk [24] may have caused non-differential misclassification, biasing our results toward the null. Alternatively, it may be that changes in tea consumption are not associated with type 2 diabetes risk. Our study has several strengths. The large sample size, the long follow-up period and presence of repeated dietary and covariable data are unique strengths in our study. Given the availability of repeated dietary information, we were able to assess the associations of dynamic changes in coffee and tea intake, independent of initial intake, with type 2 diabetes risk. However, our results need to be interpreted in the context of a few limitations. First, the participants in our study may be dissimilar to those in the general population because our study populations consisted of health professionals of primarily European ancestry. However, the high educational status of our study participants can be advantageous because reliable and valid dietary and questionnaire data can be captured [25] . Moreover, biological effects of coffee consumption on the development of type 2 diabetes are likely to be similar across socioeconomic groups and the results of our coffee-change analysis are consistent with results for initial coffee consumption and diabetes risk in a meta-analysis of cohorts including a wide variety of populations. Second, although we were able to carefully adjust for known dietary and lifestyle risk factors, residual confounding is of concern. For example, although sleep and depression are confounders of the association between changes in beverage intake and type 2 diabetes, these factors were not measured at all cycles. Further, while we adjusted for hypertension, other unmeasured potential illnesses that can change beverage consumption can confound the association between changes in coffee and tea intake and subsequent risk of type 2 diabetes. Third, dietary information was self-reported and assessed by FFQs. Therefore, some measurement error and misclassification is inevitable. However, the FFQs used in these studies were validated against multiple diet records [10, 13] . Further, any measurement error is likely to be non-differential and therefore will attenuate associations toward the null. Fourth, because diet was assessed only every 4 years, we do not know when during the 4 year period participants made changes to their coffee and tea intake.
In conclusion, in this large study of US men and women, we found that increasing coffee consumption was associated with a lower type 2 diabetes risk. On the other hand, decreasing coffee consumption by the same amount was associated with higher diabetes risk in subsequent years. Changes in coffee consumption habit appear to affect diabetes risk in a relatively short amount of time. Our findings confirm those of prospective studies that higher coffee consumption is associated with a lower type 2 diabetes risk, and provide novel evidence that changes in coffee consumption habit is related to diabetes risk.
